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RELATIONSHIP BETWEEN COMPOSITION, MiCROSTRUCTURE, AND
STRESS CORROSION CRACKING IN TITANIUM ALLOYS

By R. E. Curtis

ABSTRACT An extensive evaluation of two ca+03 alloys,
Ti-6AI-4V and Ti-4AI-3Mo-IV, showed that

Four ae titanium alloys and I I a+03 titanium differences in susceptibility are partially ex-
alloys have been characterized to relate phase plained by composition differences (4,5). The
composition and associated microstructure to additional aluminum in Ti-6AI-4V contributed
stress corrosion cracking (SCC). Of these to extensive slow crack growth in salt solution
alloys, only a low-interstitial, commercially pure and reduced the sustained load threshold for
a alloy (Ti-5CA) was immune to SCC. Addition SCC. The ca phase. was identified as the suscep-
of oxygen, aluminum, or aluminum and tin tible phase in this alloy, whereas the 0 phase
restricted slip in the ca phase and promoted behaved in a ductile manner, i.e. as a crack
stress corrosion ,usceptibility. Formation of arrestor. Because of this difference in the
ordered domains of Ti 3 (AI,Sn) further re- phases, processes that change the amount and
stricted slip and increased susceptibility. Stress morphology of the ce and 3 phases also influ-
corrosion resistance was improved by thermo- ence alloy susceptibility. These micro-
mechanical treatments that reduced ot grain size structural changes arise from variations in heat
or increased dislocation density. Alpha-phase treatment and thermomechanical ireatmenr.
susceptibility is qualitatively related to the in-
tensity of the stress field surrounding a disloca- Greater understanding of SCC in titanium
tion pileup. Alloying with molybdenum and/or alloys requires analysis of a wide spectrum of
vanadium increased strength and often im- compositions and associated microstructures.
proved stress corrosion resistance. This is Changes in susceptibility associated with inter-
attributed to stabilization of the ductile 0 stitial a stabilizers such as oxygen and with
phase. However, piecipitation of a fine dis- neutral strengtheners such as tin and zirconium
persion of - or w in 0 caused embrittlement have not been establishbd. In addition, the
and reduced the stress corrosion threshold. In- influence of grain size, grain morphology, and
termetallic compound formation in alloys con- dislocation structure on SCC has not been de--
taining copper or silicon similarly promoted fined as a function of a-phase composition.
susceptibility. Thermomechanical processing of Four a-type alloys have been selected for in-
Ti-4AI-4Mo-2Sn-0.5Si limited the embrittle- vestigation of these factois. Additional alloys
ment, probably by refining Ti5Si 3 particles in containing a stabilizers are being characterized
the 0 phase, to relate SCC to the amount and composition

of stabilized /. Both 0 isonornhous stabilizers

INTRODUCTION (Mo and V) and 0 eutectoid stabilizers (Fe, Cu,
and Si) are being investigated. An initial

Recent tests have demonstrated the susceptibil- analysis has been conducted on commercial
ity of numerous titanium alloys to SCC in salt- and near-commzrcial alloys that provide the
water environments (I, 2, 3). The results show desired composition variations. Results of these
that neither a,a-.3, nor 0 alloys are immune to tests are expecttd to suggest experimental comn-
this phenomenon. However, the degree of em- position to more clearly define the influence of
brittlement varied markedly within each alloy a particular element or ccmbination of
type. elements, on SCC.

The author is associated with the Commercial Airplane Division of The Boeing Company, Renton, Washington.
This research was supported by the Advanced Rescaich Projects Agency of the Department of Defense (ARPA Order No.
S7M .ind A3s ,monitored by the Naval Research Laboratory under Contract No. NO014-60-4'0305.



EXPEMIlMENTAL PROCEDURE 10-or K• I• --- ,/
80 _(PROBABLE

Titanium alloy plate was purchased in the mill- THRESHOLD)
annealed heat-treatment condition in thick- > _ -- 1
nesses of 0.50 inch or greater. Nominal and rR6

actual chemical compositions are shown in o NOTE: KI (CRITICAL VALUE)
"Table I. The as-received plate was cut into4 IS PLOTTED ON THE

specimen blanks and either heat treated or 2 ORDINATE FOR COMPAR;SON

thermomechanically processed by rolling. Two c -- NO FAILURE POINT
--

tensile specimens and five notched bend speci- ]
mens were machined from each blank so their 0 0.1 1,0 10 100 360 10o

long dimension was normal to the final plate TIME TO FAILURE iminut*es)

rolling direction. The notched bend specimen Fig. 1. Typical sustained loading characteristics ofJ'taniurm alloy piate in salt so!ution.
(6) was fatigue cracked in the manner

described by B. F. Brown (7) prior to fracture necessary for rapid failure. An apparent "thres-
toughness testing in air and stress corrosion hold level" for stress corrosion cracking exists
testing in 3.5-percent NaCI solution. All tests in titanium alloys below which the pre-existing
were conducted at room temperature. crack does not grow under sustained load. The

threshold is taken as the Kli level at 360
In the fractu-e loughness test, two specimens minutes (Figure 1) and is referred to as Klscc
per condiiion were loaded to failure in four- or "stress corrosion ,esistance." This value can
point bending at a gross area stress rate of 1000 be compared with the fracture toughness in air
psi/sec. Plane-strain fracture toughness Klc was Kic to establish the "relative susceptibility" of
calculated from the load at which the 5-percent each heat-treatment condition.
secant modulus intersected the load deflectio-
curve by the method described in Reference h. Samples for microstructure analysis were pre-
Validity of the Kic determination was limited pared from broken notched bend specimens.
to conditions where specimen thickness t was Carbon-germanium replicas of the micro-
equal to or greater than 2.5(K/0.2-percent structure and fracture face were prepared using
yield strength) 2 . the two-step technique. Coupons for thin foils

were machined from the plate midtaickness
In the stress corrosion test, three notched bend and prepared as described by Blackburn and
specimens per condition were immersed in salt Williams (9). The volume fraction of beta was
solution prior to four-point loading in a determined by the X-ray technique described
hydraulic apparatus (6). Additional Ti-70 speci- previously (5).
mens were loaded before immersion in salt
solution to determine the effect of loading ,

sequence on Kl:, cc. In both sequences, the first
specimen was loaded to an initial stress inten-
sity level K!; equal to approximately 70 per-
cent of Kic and held at that level to failure cy
for a time of at least 6 hours. Load levels for
subsequent specimens were selected to estab-
lish a curve of Kli versus time to failure (Figure
I ). Visual monitoring of crack growth and Fig. 2. Fracture surface of notched bend specimen in

examination of the fracture surface (F~igure 2) condition susceptibtk to stress-orrosion cracking--
Area A under the noF'-h is the faisiue-crackedshows the pre-existing crack propagates in saltreiaeasstergonosowcakrwh
region , area 63 is the region ol stow crack growth

solution at these low K-levels until it reaches in salt solution, and area C is the fast-fracture
the critical length (corresponding to Kit) region.

2~
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RESULTS dition only Ti-50A iý imnno ne to S('('. IlinUuln-
ity is evidenced by a lack of crack growth in

STRESS-CORROSION salt solution and by the relationship ot KIc to
LOADING SEQUENCE Klscc. The degree of susceptibility of the other

o' alloys is dependent on s-veral factors, includ--
Stress corrosion tests on Ti-70 were conducted ing (1) grain orientaition, (2) composition,
using two loadiiýg sequences: (I) loading in air order, and dislocation structtre" (3) grain size
before immersion in salt solution, and (2) load- and morphology: and (4) transformation
ing in salt solution. Appendix A shows that the behavior of 0, if present. The effect of grain
loading sequence had a varied, often pro- orien'.tion on stress corrosion susceptibility
noi.ncý'd :ffc.t on the qlresc' corrosion thresh- has been discussed previously (I 2) and will not
old Kiscc. Of 10 conditions (2A through 2JA) be considered in detail herr.
tested with both sequences, eight had a signifi-
cantly lower threshold when loaded in salt Composition, Order, and
solution. Certain conditions of Ti-6AI-4V Dislocation Structure
behaved similarly (10) However, two of the
ten conditions of Vi-70 had identical thresholds Increasing the oxygen content of commercially
for both loading sequences. Ti-8AI-I Mo-IV and pure titanium and adding aluminum, tin, and
Ti-4AI-3Mo-IV also behaved independently of zirconium to a commercially pure titanium
test technique (11). Apparently, conditions base stabilized and strengthened the oa phase
that are either markedly susceptible to SCC, but promoted susceptibil[ y to SCC. Oxygen is
e.g. Ti-8Ai-IMo-IV (mill and duplex annealed) rcsilonsible for ivuch of fie strength difference
and Ti-7C (2D and 2E, Appendix A), or im- between Ti-50A (0.2-pet 2ent yield = 42.5 ksi)
mune to SCC, e.g. Ti-4AI-3Mo-IV, are un- and "[i-70 (0.2-percent yield = 84.3 ksi) in the
affected by loading sequence. Other alloy con- mill-annealed condition A portion of the
ditions, e g. Ti-6AI-4V and Ti-70 (2A, 2B, 2C, strength increase (approximately 10 ksi) is due
2F, 2G, 211, 21, and 2JA, Appendix A), may to the high iron content of Ti-70 (Table 1)
exhibit erroneous thresholds if loaded before based on Reactive Metals, Inc. data (1 3).
immersion in salt solution. For this reason, theKlscc results discussed below were determined In addition to strengthening, the increased
from specimens loaded in salt ed oxygen in Ti-70 modified the deformationbehavior of the a' phase so titat slip was re-

stricted to a single set of planes, predominately
a' ALLOYS {lI oTIO}. The resulting dislocation structure after

3-- to 4-percent deformation by rolling is shown
Initial studies have been conducted on four a' in the electron micrograph in Figure 3(a). Slip
alloys: a low interstitial grade of commercially on the {ioTo}, {lOT1}. and (0001) plancs in
pure titanium (Ti-50A, 0- = i 200 ppm), a high Ti-50A produced dislocation tangles after the
interstitial grade of commercially pure titanium sarne amount of dcformation (Figure 3(b)).
(Ti-70*, O- = 3800 ppm), Ti-5AI-2.5Sn*, and Operation of three slip ý:ystcms in Ti-50A is
Ti-5AI-5Sn-5Zr. Results of the mcchanica'- consistent with the results of (. hurchnian (14)
property tests (Appendix A) show that in the who found the critical resolved ý.hear stress for

as-rcceived (mill annealed) heat-treatnent con.- slip on each system to be nearly eqoal for
oxygen levels near 1000 ppm. For lower
oxygen levels (100 ppm), slip is preferred on

lohC {1 0} K I1120> systen (I 4). lhe idl,,rina-
*Although Ti-70 and Ti-5AI-2 .5Sn are referred tion hchaviio of Ti-70 Auggests that prismatic

to asoe alloys, they contain a small aimoo mit of slip is also preferred for high oxygen levels
o phase in the annealed condition. (3800 ppm).

4
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Fig. 4. Electron fractograph showing cleavage and ductile

(a) Ti-70 (oxygen 0.38 vvt`). rupture of individual a grains in 3.5% N~aCI
solution, Ti-5Al-53n-52r, condition 4A - 1650"F/
1/2 hr/AC.

44'

(b)T50(xqen~(a) - isorcieredj, condition 4B8-1 6500 F,'1,2 hr/VVQ

deformation by rollinig; /100011 oi zone axis.

I nACdcSk'd 0XY9I)c AlSO r-CdICCd 111 Jary1Lcd
'tcsnecessary Ior S(V. In 1itll-70wlc 4~(

(condition -'A' I IN)c 11), Cli)VIIilolltm1AI ':rack

''''1ow! (Fii-,urc 2 1 was observed it K ecve s *I,
lo\V .15 S3 k" in \Ilcl )Jlarcd to 1' 14 = I

1/J11. (raick eiwhin 11wL L-IlVil- MIntiit (L-

tilrred hV' 01avc ot dindividal Ck i~.i11110i b
(lItIicii' riiptnie ol tile relnaininý2 1',iI1 (I ji tirIc

\(idition ol Ifitie till, a nd ulkollmm l 1W (b) Orded, comiaimit 4L (I 650OF/!1/2 tifAC)

Ja1 111n11e1111ner1Ct pureL baseW ('IO H I 00o F'8hlr, VC) to (932(E,l 120 hr /AC!

pe~~~~~~~~~~~~~~ f ltvi lettce lpad[~u te ~e ~ fy f t of oider Lm cop/on!er slip !n Ti 5Al 6SniS
ii rI ON1011N L St pt IHI~t~ I(n~tlou .( i~Iis dcor~o,/ iiitr'uioo/000)71!1 'r ss



1al3b I . 5.tretigth and fractare properties of (]

tit -iim alloys ii) selected conditions

Alloy & 2 ield "KSCC
identificatlo ,.dlion (ksi) -F ksi) ( ksi V 11.) ksi V'A W.)I:

Ti-50A A

IA i300°1i' 1/2 lu/A' 15.8 42.5 60 00

] i -7 0 2

102. 2 84.3 114 54

2E 1500°./1/2 Iir/WQ 106.5 84.6 128 34

2F (1500"IF/I/2 lhr/WQ) + 103 2 82.5 1 ! 3 39

(I 0501F/ 1i/2 hr/A')

2G ( 1500oF/I/2 Ihr/WQ) + 101.1 82.2 113 33

(I ,5')O}[/ 20 Ihr 'AC)

21i 1700oF/. /2 hr/WQ MO0.) 7o.5 105 70

Ti-5AI-2.5Sn

3A 140001-, 2 1i /\AC I.8.2 129.2 72 20

3C I 650F! 10 hr/AC' 132.1 125. I 90 32

31) I (500[ / 100 IW/A(' 130.3 118.7 92 27

(if) Argoili

31- I 1400 ,2 i lC2 i / I + 139.8 130.5 40 21

1 1) I ', ooo lm/s i o

(()32')I 1 20 hi)

31: Ih) 0  1 i_/ ) I 35.4 124.2 I03 27

311 2wo00 ., I ,2 hi 140,0 I 26 I i) 37

i SAI-5i-Sh/

4B I 10" I . I,,-, i III ) I 2(, Q Ii9 7 I 1 67

41) I150lI l 2 o 'AQ 3t,( 11.1 I05

)l- c hod
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showed that slip in Ti-5A1-2,5Sn and
"1i-5AI-SSn-5Zr is predominately coplanar.
Figure 5(a) illustrates coplanar {iO01"} slip in
disordered Ti-5A1-5Sn-5Zr that has been de-
formed 4.0 percent in tension. Formation of
ordered domains of Ti 3 (Al,Sn) in this alloy
(Figure 6) appeared to reduce the number of
operative {110'0} slip planes and the slip-band
thickness (Figu,' 5(b)). Susceptibility was Icast
pronounced for the disordered solid solution
and increased with the degree of order in the
cy phase. The effect of order on strength, tough-
ness. and stress corrosion resistance is shown in
Figure 7.

Thermal treatments that caused ordering in Fig, 6. Dark-fieid electrcn micrograph showingordered

Ti-SAI-5Sn-5Zr also increased the susceptibility domains of Ti 3 (AI, Sn) in Ti.. -5AI5Sn.5Zr,

of Ti-5AI-2.5Sn (compare conditions 3F and condition 4L - (16501F/1/2 hr/A C) + (I100°F/

3E, TFable I1). towever, no ordered domains or 8hr/FC) to (932°F/120hriAC), [1011eol2
superlattice reflections were observed in this reflection.
alloy using electron-microscopy techniques.

130

0 Kic

ORDERED

COND 4L - (16500FiAC)
(1100°F/8 hr/FC) to (9320 F/120 hr/AC)

0I ------in 120 -CONO 4E (16500F/AC) + (1100°F/8 hr/AC)0"0
"i-I

- COND 4A - 1650F/AC

0z

DISORDERED

> COND 4B - 16500F/V' |
6~110-

0

100-r _ _ _ _ ____ _ _ _
0 20 40 60 so 100

FRA IUHx ITOtJC;HN ESS, K COH ST RESS CO HROS1ON RESISIANCE, KI KSIKS IN.)

Fig. Z Effect of order oft the ,ue(him'c/jpr'operties of Ti 5AI-5Sn 5Zr.
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Apparently, the aluminum and tin levels are tion 4KA retained evidence of heavy cold
below the critical level required for order. Tile work. ('hanges in dislocation density have a
observed increase in susceptibility and the pro- similar affect on the susceptibility of a in Ti-70
nounced susceptibility in the solution-treated and Ti-5AI-2.5Sn, although, in some cases, con-

condition (condition 3F) are partially caused current transformations in j3 have masked this
by transformation in the () phase. These trans- trend (see Appendix A).
formations are discussed below.

The importance of slip mode on stress corro-
sion properties suggests that the residual dis-
location structure also influences susceptibility.
The dislocation structure was modified by
varying the conditions of cold roj!i-n :ind
annealing to produce heavy cold work, recov-
erv, and varying degrees of recrystallization. " I k
Figure 8 shows that 30-percent cold wvrk in-
creased the 0.2-percent yield strength of recrys-
tallized Ti-5AI-SSn-5Zr (condition 4A) without
reducing the stress corrosion threshold. When "
compiared in a more highly ordered condition
(4E), the increased dislocation deosity im-
proved both strength and Kiscc (Figure 8).
Although dislocation densities were not deter-
mined quantitatively, back-retlection Laue
photographs (Figure 9) show that condition 4E -(1650 0 F/l/2 hr/AC) +(a) Condition 4E-(60F!2h/C

was completely recrystallized, whereas condi- (1 100oF/8 hr/AC)

CONO 4 IA-
(1650

0F/AC)+ 130% CR)

COND 4KA-
(160OF/AC) +

_ (30% CR) i

-130 (1100°F/8 hr/AC)
(3

Z
U-cc
0°

-J

>- 120 COND 4E
(16b0°F/AC) +
I lI O

0 F /8 hr/A C)

COND 4A
16500F/AC

110-
0 20 40 66

STRESS COH(SION r...S.TANCF., K (KSI/IN ) (b) Conidition 4KA--(1550°F/1/2 lif/AC) . I30' CR)

+ (1 100 0 F/8 hi/AC)

Fig. 8. Effect of cold work on the strength and stress-

corrosion threshold of Ti 5AI-5Sn 5Zt Fig. 9. BaCk-fef/e(rol Laud photog,~phs of Ti 5A/5Sn-5Zr.



Grain Site and Morphology T'he g~ramn site o(it'li-70, I i-S A -2.5 Sn. and
Ti-S AI-5Sn-5Z/r was reduced by t ransfkorming

Increasinig the eq mýXCixe a grain size of' 'i-5Al-- eqo jiaxed a gra ns to an1 acien lan morphology
'..SSn (F[igure 1 0) reduced hothI stress cot- du rinig Soluit on trea tinw nt abhove th 1w [3ra nstis.

rosion resistance and the 0.2--percent yield Iii is treatmen t improves the stress corrosionl
strength. 'Fable If shows Ki 5 cc decreased I'rom resistanice of a-t (3 alloys. H owever, [3-quetnched
32 to 27 ksif 41n1. (condLitionIs 3C' a z 3 1))~. The l'i-S A f-SSn-Sir (cond it on 41)) is miore sliscep-
reduc:tion of' 0.2-perce ut yield strength is qiiali- tible to S(V t han til e Lv-q te iclich conidit ion
tat ively consistent with theý. anlalysis of Petch 1413) (Table HY) Apparent l, the martensi Ic

I5 ) . Similar chianges iii L~ra in siz~e were intert'ace is nlot an ellect ye harrier to sli p inl a
achieved inl fi-70. but emubrif t ing constituents alloy)NS. Will i; ils ;111( 1;:k htlri ( 10 )1iV hav tnid
it) t he [3 phase masked the e xpected grailn-si/e u nohst rLtCIt edslip) aIcF, tS sve-ral martensi te
dependence of S('( '. plates in, li-5AI-2.5Sni qu~enchied t'rom 20001V' .

iUnder these condit i(,s, the effectivr grain si/te
is probalbly t he large, prior [3 graini si/e.

p~- u'i~ o: no [ he (iI itl li 7 0 (cond it ion 211., la ble I I) a nd
*~ ~ ~ ~ A -.. ' J** i-5AI-2.5Sn ( condition 3ll) also show pro-

* ~nouncned susceptibility but are niore ilIIL mu li
- ~ ..q ~ than thle a-qutenchied cond it ions ( hand 31F,

- ~ ~ N respectively . Supsceptibility ot' the O-qt'encliei

~ conditions is related to w, formation in the (

f J ' ~ - phase inl tile following section.

'"'~I& T ranslornia 6iors in [

4 -#I,% Transformation of' unstable [3inll-( and
*~Yi-5-Al-2.SSn strongly inlue'L1nced the mechani-

- b cal. propertir s of' these alloys. Inl many cases. [
(a) Condition 3C-16500 F/10 hr/AC. trans fo i-n aIi ons overshadowed structural

ch i ges in the a phase that were being, reLited
PýS( C. I race aMIotiF( isOf* Fe (TaleI 1) are

- . responsible f'or the presence of [3. X-ray
~ ~ ~ * a iiafvsis de~tected approxinmately 3 voIlnB me pr-

~ .jcent and 1 .3 voIlume p~er'cent [ inl thle Mill-
anneai.led condition of- 'i-7() anid -A-2.Sn

41 iespectively.

[Ii in-oil studies showed unstable [3 precipi-
a.. t ate I a, iid(/or o(, depending onl tlie Conditions

-,I of I ica treatment. I x t remely fine cc ( < 25A
V .~ ~diamie Icr) was formed in 1'i-70(l uring air

- ,:#%~~ cooling from I t)00'FV and !3001'. [he par-
11 ~ --. * 50 IL tiswerte too( small for dIirect imlaging wit Ii

q U111 feletron 'iiicroscope and we-,, di tectcd~
(b) Ccondition 3L)-- 1 t5h011 / 100 hr/AC.f'o dilt use. spots; in thle elect ron difftract ion

Imiri s. , ft1WL us Wd. wASalO detC tCie Inl 'Ile [3
of~r ()11 conlditions of hiS\-.Sr except

F~g_ 10. Primdry a gtdit) sie in Ti 5A1-2.5Sn. Optical 31 [ L .311.aI Ii A (Appendix A). Its prew.encc in
micwrographs, Kroll's etch. '' iih i- - i 0irtiIin3t-I able



.11) reduced Kiscc below the level for theli
O3-quene'ied condition (3M), even though the. i ULTI MATE

effective rinsize was larger for the a 100 -Z
"3-uenched con,'ition.

90
Higher solution temperature reduced the Fe - W 0.2% YIELD
content of 0 and allowed more extensive tians.- p ----- V
formation during cooling. In TOO7, approxi- I

mately 50 volume percent w (100A diameter)
was formed in (3 during coolir, 'roni 1500CF 120 K-----

( Figaire 11). This additional w reduced stress I

..orrosion resistance to that shown in Figuic 100o
12. Solution treatment at 1700'F (condition Fr
2H, 'Table 11) transformed (3 to martensite and
improved K1 c to the highest level measured < Ofor this alloy.

Isothermal aging at temperatures Tbove the
maximum temperature of w stability (approxi- 0 K SCC

mately 7000 F) decomposed w. and precipitated 2: __ __
c' in (3 by a cellular mnechanism. Transforming
v~ present in the 1 500*1F water-P 'uenched 0 iaoo 1400 1500o

condition of Ti-70 (Figure 11) to ce by SOLUTION TEMPERATUF` E 10 F)

annealing at 10500 F for 30 minutes improved Fig. 12 Effect of solution temperature on the properties
Kjq,, from 34 to 39 I-si %fin.i (con~ditions 2E of Ti-70---wlution-treated 112 hr and air cooled.
and 2F, Table 11). Ilowevei. furthzr annicaiirg
a t I C150" F for 20 hours (condition '_G)
.educed KIsec to the level measured for the
1500 F water-quenched condition. 'This is consistent with the results of Harmion and

behavior suggests that a large volume fraction Troiaino (17). In ri-5A1-2,5Sn, ti-ansfotination.
of a can embrittle 0 as effectively as (A, which )f diffuse w to oi reduced K(,.Cc from 26 ksi

X/-in (condition 3A, Table 11) to 21 ksi Vý5'
(condition 3E). Electron micrographs of (3
containing diffuse w and (y are presented in
Figure 13. Coplanar dislocation arrays charac-
teristic of fi-5A1-2.5Sn are visible in Figure
13 3(a).

Mechanical-property tests (see AppVndJiX B)
have been coniducted on H a +(0 allovys:

T~i-2.2SAI- iiSn-4Mo-0.2Si (IMI 680). TiA4A1
3Nlo.;V' Il'i-4Al-4MNo-,2Sn-O.5Si (Ilylite 50),5 1i-5A1 3Nlo-IV-2Sri, Ti-6At1-4V- -i6A!-',%o,

1.~ D7 ark-fiaid electron micrograph of W ill '[i-0A1-6V`-2Sn, JTi-0A1-5Zr- IV-{).?Fi (IMI 684),
(lof Ti-70. condition 21: 15(ii)fF/?2 i~i-7A1--2 S.Mo, Ti-7A1-4Mlo, and i'i-XA-
hrWoM, (?Oft) (,of~c~o: I Mo- IV. Mili-annealcd properties are comipafed



with those of the a alloys in Figure. 14. '2'his
figure shows that the addition of 3 stabilizing
elements increased alloy strength and often
improved stress corrosion resistance. Stress cor-
rosion resistance improved with increased
volume percent 3 stabilized by isomorphous-
tyl (3 stabilizers (Mo and/or V) (Figure 15).
Similar O-STA heat-treatment conditions were
selected for each alloy included in Figure 15,
e.g. 63 anneal, solution treat (0 transus tempera-
ture -75'F, water quench), and age (I I O0F to
I 250°F, 4 hours, air cool).

(a) Containing unresolved diffuse w, condition 3A- In addition to the effect of volume percent (3
1400F/2on stress corrosion resistance, Figure 15 shows

.••aht aluminum content above approximately 6
weight percent promotes susceptibility. In
alloys with greaier than 6 weight percent
ahluminum, increasing the degree of order

"A• further increased susceptibility. In Ti-7AI-
25Mo., Ks decreased from 80 ksi J7
(condition 27B, fable Hx), to 65 ksi j in.
(271)), to 44 ksi jrii. (27E) as the degree of
order ircreased.

Although ,3 stabili/ed by isoiiiorphous dlements
in-,.-roves stress crrosion rk.sistance, wsts on
Ti-OA I-6V-2Sn and T i-4A1-4Mo,-2Sn-0.SSi

(bM Containinga, condition 3E-(1400°F/2 hriAC) + (Ilylite 50, suggest that ,3 eutectoid stabilizers
(1 100°F/B hr/FC) to (932 0 F/120 hr/AC) (Fe and/or (u and Si) promote susceptibility.

Ti--A!-oV-2Sn containing 0.7 weight percent
. Fe and 0.7 weight pcrý-ert Cu is more suscep-

tible (Kl 5so/Kl~c 0.63) than similar alloysA containing oul', isomorphous stabiiizers (Figure
15). In ,5ddition. Wý'i 4Ai- Mo-2Sn-O,5Si exhibits

gri tlr sriteI tibhnty (KIsccK Ic = 0.50) than
two simiilar alloys (Ti-4AI-3Mo-1V and Ti-SAl-
3 N1o-V- V- thIý, do not cont:in silicon
(V"ignre I51,

IKTe ipt'rmuetallic phase (i2 -,a or TisSi3)
.5/ sh1t'ld be present in most heat-treat conditions

Of tlhcse alloys, because the eutectoid reaction
W-(a-t I iX) is "extremely active" in the Ti-Cu

(cI Pa',t~rS tieic•, microqraph of conditan .3F s iN! tt and Ti-Si systems (18). In Ti-'u binary alloys
colklaining 2. 4, 6, and 6 weight percent (01,
Ii (.'n has been observed in botll, que'nched and

Fs*. .13 Oc,'on !i ,,c s oqtrh in T, 5A 12 S. qupnchcd and aged conditions 19I). Ff[orts to

11



120 - K1 C /K 1 0  1.0

Ti-4A1.3M-lV0 aALLOYS (127k

10 0 ck+PALLOYS

Ti-6Ai-3Mo-IV-2Sn KI ci iK 1  a 0.7
so0 (130) I

60 7 ý50
(66

60 66)7 1-.6AI-2Mo K1 Ic K I/Kc 0.5

2 T 4-70 1102)

40 *Tl-4AI46V.2S'n8 ~158)
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20 - 1 133

0 0 40 1%80 1 C0 1 0 14C0 160i
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Fig. 14. Mill -annea/e properties of~r and 0' 13 Cttaihim W'ilo~s ultiirwt ten Hi .un'ingth ir ksi is shown in Parenthesis.
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0o9 .identify this phase in Ti-6AI-6V-2Sn have been
unsuccessful, either because of the low (U con-

STi-5AI-3Mo-1V2Sn . tent or tie complex morphology of trans
formed j3. In quenched Ti-4AI-4Mo-2Sn-0.5Si,

07 T-6AA I AI-4Mo particles were observed i6 both transformed j3

0 (Figure 16) and primary Q (Figure 17). Par-
dp < ~0.6 -T-A-V2_

.0.6-Tu-6At'6V'2•, ticIs in the primary a! phase were sufficiently
T,-AI-2.BMo .7 F.O.7 c large fr idriicao as i 5 Si 3 by electron

F- 0.5 - 0lrefrieifc
T 0.5A.-M O diffraction. Based on tL' work of Antony et al.S~Ti-4AI4Mo-2Sn-

0. O.5Si (20) on the li-AI-Si system, the silicide com-
0.4 - TiSAI-1o-1V pound in this alloy should be stable up to

0 ISOMORPHOUSSTABILIZED approximately 1780* F.
0.3 ISOMORPHOUS AND EUTECTOID

STABILIZED Ti-4AI-4Mo-2Sn-0.5Si was heat treated and

0.2 - 11 thetiomc,'hanically processed in an attempt to
0 5 10 15

AMOUNT OF VOLUME %) reduce the embrittlement characteristic of

Fig. 15. Effect of 3 on stress-corrosion susceptibility alloying with 03 eutcctoid stabilizers. Increased
of titanium alloys in a 3-STA heat-treatment aging temperature from 932 0F to I 3006F
condition.

Table Ill. Strength and fracture properties of Ti-7A 1-2.5Mo
in selected conditions.

UTS 0.2f yield KIc Klscc
Identification Condition (ksi) (ksi) (ksi N/'i.) (ksi V /.)

27A 50/r, IIR 147.5 135.5 65 45

(I7 500F)

27B 1675°F/l/2 hr/WQ 137.8 106.0 95 81

271) 1650')F/112 hr/AC 139.6 127.1 96 65

27E (1050'F/1/2 hr/FC) to 135.9 122.6 74 44

(932"F/ 120 hr/AC)

27F (I ;•O)F/ 11/2 hll /WQ) 160.0 151.9 52 37

(I 00W)F/8 hr/AC)

2711 ( 1900°:/ I / 2 hi /AC ) t 158.A 134.8 72 43

1800"1|1/ /2 hr/WQ) f
I 1100)1 /8 lr,!A(')

27K (50'; IIR) I0•9) 43 I 81 01

(3(Y' C'R)

HIR Iml lolled WO \,,Itcr qleniclh.d

CR . ,ld •rlhld AM ;111 cooIed

L __ ___ ___ ____ ___ ___ ____ ___ __ ___



coarsened the transformed structure (Figure
18) and reduced strength as expected but also
reduced KI, and Klscc (Figure 1 9). However
20-percent rolling prior to aging at 9320F
(conditions 1 3JA and I 3JB) increased the
O.2-p(-rcent yield strength by 20 ksi without
significantly changing Klc or Klscc (Figure 20).
Both therionoechanical treatments increased
dislocation density and nucleated a~ditional ce
and Ti5Si 3 in the 0 phase. Additional nuclea-
tion by "duplex aging" (condition 13K) also

(a) Bright fileld.

(a) Condition 13C - (1 6500 F/1/12 hr/AC )4-
(9320 F/24 hr/AC)

Wb Dark field.
Fig. 16. Electron micrographs of particles ten tatively

identified as 1 i5%i in the transformed 03 region
of Ti-4A I-4Mo-2Sn-a 5Si (Hylite 50/, condition
13A4- 1650PF1112 hr/WQ.

0.bp) Condition 13E -(1650OF/l/2 hr/AC)
(1300 0OF/24 hr/AC)

Fig. 17 Ti.Si3 particles in the primary a phase of Ti-
4A 1416o-2Sn-0.5si (Hylite s0). condition 13A - Fig. 18. Effect uf aging temperature on transformed
1650PF/11f2 hr,WVO. k3 in Ti-4A/-4Mo-2Sn-O. 5Si (Hylite 50),

14



170 1 and Ti-7AI-2.5Mo (compare 27F and 27H,

Table I11). This is consistent with the behavior

UIE_ of other cr+falloys, including Ti-6AI-4V and
Ti-4A1-3Mo- IV (5), Ti-6A1-6V-2Sn and Ti-7A1-

0. 4Mo (21), and Ti-6AI-2Mo and Ti-5AI-3Mo-
I 150 IV-2Sn (22).
V 0 LDISCUSSION

140
140 -- ..... Stress corrosion resistance was found to be

-~60

Z microstructure dependent for a wide range of'
titanium alloy compositions and thermo-

50 mechanical conditions. Alloys that exhibited
K Iccoplanar slip in the tv phase also showed pro-

nounced susceptibility to SCC. Coplanar slip is
• 40 characteristic of alloys containing (I) high

>_ oxygen (3800 ppm, Ti-70), (2) aluminum in
0 excess of approximately 6 weight percent (e.g.

z a0 Ti-6AI-4V, Ti-7AI-2.5Mo, and Ti-8AI-I Mo- IV),
or (3) 5 weight percent or greater aluminumL and 2.5 weight percent or greater tin (Ti-5AI-

20- 2.5Sn and Ti-5AI-5Sn-5Zr).

900 1000 1100 1200 1300

AGING TEMPERATURE (OF) Restricting slip in this manner is thought to
promote stress corrosion susceptibility by

Fig. 19 Effect of aging temperature on the properties intensifying the dislocation pileup stress. This
of Ti-4A1-4Mo-2Sn-O.5Si (Hylite 5O)-solution stress represents a large component normal to
treated (165GOF/t/2 hr/AC) before aging at the fracture plane of grains unfavorably
temperature shown for 24 hrs and air cooled. oriented for slip (23). Intensification of the

nonral stress to a critical value initiates trans-
granular cleavage cracks of the type observed in
the oe phase of susceptible alloys (Figure 4).

improved mechanical properties, The changes Other c grains having a high resolved shear
were small for strength and stress corrosion stress for slip exhibit ductile tearing (Figure 4).
resistance but fracture toughness improved In immune alloys, such as Ti-50A. the fracture
markedly (Figure 20). In Ti-7AI-2.5Mo, stress is not reached for any grain orientation
defor: ion increased strength, toughness, and because cross slip limits the magnitude of the
stress ,rrosion resistance (compare 27A and stress concentration.
27K, Table Ill). Rolling Ti-4A1-4Mo-2Sn-0.5Si
prior to solution treatment (condition 13L) Formation of ordered domains of Ti 3 AI or
reduced the primary ov grain size by recrystalli- Ti3(A1,Sn) in the oe phase further restricted slip
zation. This refine.nent raised Kitc from 55 to and increased stress corrosion susceptibility.
72 ksi ,-in. and Kiscc from 27 to 36 ksi f/in. Speidel (24) has shown that precipitation of
without affecting the strength (Figure 20). coherent particles (e.g. ordered domains) pro-

motes planar slip. Ti-5AI-5Sn-5Zr containing
Refining primary or by translorming equiaxed ordered domains appea~ed to hawv a reduced
grains to an acicular morphology improved th.. slipband thickness compared to the dis-
fractlre properties of both Ti-4Ai-I.Mo- ordered condition (Figure 5) The decreased
"2Sn-().5Si (condi¶i ns 13( anid 131, Figure 20) shpbhand thickness is thbought to increase

S!tS



0 Kc

190- K KSCC

COND 1I3JB-ST + HR at 932OF (20%) + A
S180 p.

w COND aI A-ST + CR(20%) + A

170-
0
-I
LU

CONDO 13K-ST + (8009F/24 hr/AC) +A
CS 1600 _ 0

COND 13L-CR (20%) +ST + A

COND 13C--ST + A

150

COND 131 - 1804PF/AC + ST +A

14o I 1 I I I I I
0 10 20 30 40 50 60 70 80 90 100

or K (KSI V IN.)

Fig. 20. Properties of Ti-4A1-4Mo-2Sn-0.5Si (Hylite 50) in several heat-treated and thermomechanically processed
condition" ST - 1650F/1/2 hr/AC, A 932"F/24 hr/A C.

susceptibility by reducing the probability of parties observed in cold-worked Ti-5AI-5Sn-5Zr
activating a dislocation source across a grain (Figure 8), Ti-7AI-2.5Mo (compare 27A and
boundary and intensifying the dislocation 27K, Table Ill), and Ti-4AI-4Mo-2Sn-0.5Si
pileup stress (25). (compare i 3C and 13JA, Figure 20).

In alloys that exhibit coplanar slip, increasing Stress corrosion resistance improved with
the slip length intensifies the stress at the head increased volume percent 03 stabilized by
of a dislocation pileup (26). This is thought to isomorphous-type elements Mo and/or V
be the reason that stress corrosion suscep- (Figure 15). This is attributed to the ability of
tibility increased with grain size in Ti-5AI- P3 (ductile) to arrest stress corrosion cracks that
2.5Sn (Figure 10). Other ce and a + 0 alloys that propagate readily through the a phase (5, 1 2,
slip in a coplanar manner should show a similar 27). However, precipitation of a second phase
grain-size dependence, because the effective in )3 can markedly reduce stress corrosion
slip length is the equiaxed a grain size in resistance. Extremely fine w in the B phase of
recrystallized material. Reducing the a grain Ti-70 is thought to be responsible for reducing
size of Ti-4AI-4Mo-2Sn-0.5Si by recrystalliza- Klscc from 70 ksi ,TiRh (condition 2H, no w)
tion (condition 13L) improved both fracture to 54 ksi fin. (condition 2A, w < 25A
toughness and stress corrosion resistance diameter). Larger w particles (approximately
(compare 13L and 13C, Figure 20). In cold- 1(00 A diameter, Figure 11) further reduced
worked material, the effective slip length may strv,,ic. corrosion resistance; Klscc changed from
be reduced by increased dislocation density. 54 ksi ,ill. to 33 ksi fi-r. (Figure 12). A large
This would account for the improved pro- volume frac ion of a in 3 resulted in an equally

16



low t hreshold ( condition .2G, TFable I1). fit CONCLUSIONS
Ti-S5AI-2.5Sn stress corrosion resistance waIs
also dependent onl ftiw condition o' fihe J3 [ he loading sequence for stress corrosionl

ph f.In alloys conitainling ('ii or Si, low-stress- testing has a varied, often pronounced
corrosion propc'rtieS (Figuire 1 5) are attributed effect on the stress corrosion threshold
to precipitation of nV and interinetallic comn- Kisce. Loading in salt solution reduced the

pouind s Ti 2(u or r'5Si3 in /3. These inter- threshold of' certain alloy heat-treatment
ruetallics. ats well as w and aV, are thought to conditions as much as 65 percent compared
enhance susceptibility hy nucleating cracks in to loading in air before adding salt solution1.
the /3 phase. Hlolden et al. (28) have attributed Honwever, conditions that are either
pronounced tensile niubrittlemenc-t of a /3markedly susceptible or nearly immune to
titanium alloy to at fine dispersion of' w. SCC' are unaffected by the loading

sequence. Conclusions 2 through 5 are
]'i-4A1-4Mo-2Sn-0.5Si was therinomechanically based on thresholds established from salt-
processed in an, at tempt to improve mechanical loaded specimens.
rr'mpert les by con trollinrg the t ra ustfOvned ~
morphology, inchluding "i5 Si3  particle size. 2. Alpha titanium containing approximately
()veraging to coarsen the transformed structure 1 200 ppmn oxygen (TFi-50A) is immune to
(Figure 18) reduced strength as expected, but SCC. Increasing oxygen to 3800 ppm
it also lowered fracture toughness and stress ( Ii-70) or adding aluimint.1in (e.g. Ti-6A1-4V,
corrosion resistance (Fiigure 19). Overaging a Ti-7A 1-2.5 Mo arid Ti-8AI-lI Mo- I V) or
similar alloy that dlid not contain Si (T1i-4A I. aluminum and tin (Ti-S Al-'__Sn and Ti-
YkMo- IV) Caused similar structure and property SAI-5Sn-5Zr) restricts slip in the (V phase
changes. ex cep t thfe fracture properties and promotes stress corrosion susceptibility.
increased markedly (5). T[he reduced fracture Restricted slip is ti'ought to promote stress
properties of I'i-4Ai-4M~o-2Sn-0.5Si are thoiught corrosion through its effect on the dislocai-
to resul t fromt an increase in T1i 5Si 3 particle tion piIleup stress. Formation of' ordered
si/c. However. it was not possible to positively domlains of Ti3( Al Sn ) in 'li-5A1-5Sn-5Zr

reaeT.1S 3 particle size to mechanical pro- reduced the thickiess of' (I Ol10} sliphands
pert ics because of' the complex morphology of' adfir e oee
the t ransformned region ( Figri rc 1 8). Refining Isc
the f ranslorrued st ruc ttri re by *'durplex aging"' 3. St ress corrosion resistance increases with
(coindit ion 1 3K ) to nucelatec additional o, and] decreasing slip lenrgth Ii i alloys that exhibit
I i5 Si.1 inl J3 imp roved thle coimbinat ion of, copla nar slip. '[he effective. slip lengthI is thie
strength and stress corrosion resistance (comn- (Ygraill size in ai and a+J3 alloys and the prior
pare conidit ions 1 3C anrd 1 3K. Fltm e 20). i~ grain size in water-qJuechI~ed (I alloys. In-
Retining thie transformed structure by defor- creasing thle dislocation density by cold
riiu I ion to providle additional he~terogeneCous work redUtced thle effective slip lengthI arid
n reheat ion si l',s for j3 decomiposit ion a.lso nimp[oves stress corrosion resistance.
imip roved inech lan iCA proper-ties (compare coin-
d itions 13C, 'I 3J A. and( I 3JBl Figure 20). BothI 4. St T1rngi Inard relative stress corrosion resis-
reduced particle size anrd inc:reased dislocat iOu tlanrce in p o ye with Ii rcre;iS(ed v0olu me
(tensity are thIouight to (ontribute to tie percet11 ii stabilized by iSornoi1plonls-typC
imrp roved propert ies of' cond itions I 3]A a rid st ahili,'ers Mo and/or V. lliccipi tL ion of at
IA11Jh second phase in iý, hrowtvi'r, Ca11 !11narkedLY

'c i tile stl1L'y ýoItusl.II Hll rHI11ldI. u9) (.

ari1d uiiteruictanllic comnpolnnus all cause tir)
imill I c rd~ ci~e w' -it present as



particles with a diameter of the order of
100 A. Internetallic compounds are ob-
served in alloys containing silicon and
copper.

5. Combining plastic deformation with solu-
tion treating and aging improves the coin-
bination of strength, toughness, and stress
corrosion resistance of Ti-4AI-4Mo-
-2Sn-0.5Si. Deformation after solution
treatment but prior to aging provided addi-
tional heterogeneous nucleation sites for 0
decomposition and refined the transformed
structure, Deformation prior to solution
treatment and aging recrystallized primary
a and reduced ae grain size.
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APPENDIX A

Strength, Toughness, and Stress Corrosion Properties
of (v Titanium Alloys

Notch
R. A . 1, bend K I K hc *

Alloy & 11S 02'( , ehng R.A. ksi x 5',; bmax
identification Condition (ksl) yield (in I . ( 1) 3 (kips) (kips) thick- (ksi (ksi

_ ksi) ess 10.) Vr,
(in,)

T2-SOA

IA 1300
0

1/`1/2 hr/AC W).8 42.5 34.0 06 25,8 43.50 .0 60 60

Ti-70

2A 1300
0 F!I/2 hr/AC 102.2 84.3 24.0 665 16.7 24.88 26.93 0.48 114 54

(86)

2B 1400°F/l/2 hr/AC 101.3 83.6 24.5 67.5 16.9 26.13 26.63 0.48 12! 38

(84)

2C 1500(F/1/2 hr/AC 102.0 83.2 25.5 67.5 16.9 27 1 28.58 0.48 1-3 33
(92)

(33)

2E 1500
0
F/1/2 hr/WQ 106.5 84.6 22.0 62.0 ITO 27.33 29.05 0.48 128 34

(34)

2F (I 500F/ 1/2 hr/WQ) 4

(1050°F/1/2 hr/AC) 103.2 82.5 25.0 68.0 17.0 23.60 24.70 0.48 113 39

(75)

2G (1500 0
F/1/2 hr/WQ)+

(050OF/20 hr/AC) 101.1 82.2 25.5 67.9 16.6 25.05 27.05 0.48 113 33
(89)

2)1 1700°F/1/2 hr/WQ 100.9 76 5 230 550 16.4 19.88 20.18 0.48 105 70

(90)

21 (1 700
0
F/1/2 hr/WQ) +

(1050`F/I/2 hr/AC) 101.8 77.2 22.5 5! 5 16.7 19.93 20.05 048 96 44

(82)

2JA 3JIM CR 129.2 1152 18 0 705 15.5 10.78 10.78 0.30 82 33
(46)

2JB (30% CR) + 

(

(9)25
0
F/i/2 hr/AC) 1114 94.6 23.0 725 16.1 14.70 15.70 0.30 116 50

2K (307 ('R) +
(1200

0
F/1/2 hr/AC) 103,7 880 28.0 695 1S i II 75 17.2 030 92 55

21. (30% cR)+
(1500

0
F/1/2 hr/AC) 102 4 85.5 30.0 6,, 7 153 I1 63 15.90 0.30 91 38

2M 6M, CR I I5 121 4 6.1 710 146 367 3.67 0 :0 45 40

2N 3R I HR
at 1l00ulF 108 " 94,4 24.0 75 5 IS 7 1402 14 16 0.30 115 34

20 3VT HtR
, I 5X)tilF 107 8 h7 6 280 6t S I 5 7 1.14') 15 90 0.30 104 35

2P .#Y4- H]R
at 1700%)F IIl I 869X 29 3 5561 168 11 46 11 46 0.30 93 54

S. . . . ... .. _ ... . .. . . . . . . . .. . .._1_... ... . .. . . . .. .. . . . .. .~.. .
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Al~&(TS 0. % eiing R A, ck~ m" ]c
yCwdition Yield (n ! i. )_f t),c - (ks. ,v.si

k /P k 3 ps' n css , ,

3A 1400OF/2 h,/AC 138.2 129.: 19 T 42 19.0 1 5.6 15.36 0.48 72 26

3B 1650F/ 1 hy'AC 1342 12& 49 1961 19.(N) I9.u5 0.48 88 30

3" 1650°F/1i 6/A,"C 132.1 ! 23.1 18.5 U : 104 18.86 1886 0.48 90 32

3D 1650VF/ I f)hr/AC 120.3 118 7 19.0 41.5 18.5 1Q68 19.68 0.48 92 21
(in agon)

3E (As rcvl) + (l00GCF/
8 hr/FC) to ( 2OF/

120 hr) 139.8 130.5 145 22.5 185 9.44 9.44 0.48 46 21

3F 1650
0
F!1 ýji/WQ 1i5.4 124.2 17.5 465 18.3 22.16 22.16 0.48 103 27

O1850c /1 hr/WQ 40.1 127.8 i'1.5 455 22.u 23.38 25.33 0.48 116 31

311 2000'F/l/2 hr/WQ 140.0 126.6 14.0 28.5 16.8 " 1.68 26.7i 048 119 37

31 (1850
0

F/1 hr/WQ)+
(!250°F/8 hz/AC) 139.4 129.3 19.0 43.5 183 17.59 17.59 048 83 23

31A (30% CR,

(I 100'OF/8 hr/FC)
to(932°F/120hI-/AC) 158.0 ,45.4 14.0 42.5 60.30

to (93F 6.30 0.30 51 3 43 1

3KA (30%CR) + I
(1400OF/I hr/AC) 140.9 129.1 15.0 47.5 11.98 1198 0.30 86 36

3KB (30% CR) +
(1650°F/I hr/AC) 1"6.6 124.5 200 50.5 15 I !64 0.30 115 24

3LA 30% CR In6.2 i5!.2 12.0 42.5 83. '5 _ '5 0.30 60 38

5Zr5T'r 1. 1 - Sn-

,A l650"F,/1/2 h1!AC 128.2 1165 i ".0 38.5 17 2 17.45 .7 87 0,8 53 50

i 165'0'F/I/2 hT/WQ 12.9 !09.7 17.5 38.5 17.0 21.35 23 , 0.48 101 67

4(' l75,1W./!/2 hi/WQ 128.5 109.9 16.0 39.5 16.9 _7 04 28.03 0.48 131 .,
4D 1d5P.F/ -'2 hr/WQ I V2ci 11) 1553~j

1 '4. 1 3t.1, 17.2 195 2043 0.48 1N.

4[1 650(F%'I/2 tr/AC) I
I( I )!l/MWAC) '. 2 192 17.2 ,175 17 i 74 17 S 0 3 82 i4

4[; 1 ; 5I )5#FI i.' hI!WQ) +0

(I 1,;0/(')8 hiC !, 1. 0 3,4 o .(, 0A8 78 s !

lo'932"'l-/I20h ,•r, 12._. 20I G I 0 I" '5 I 1 8 '4,

(",AJX"`ýý'1 hriAC 131 0 119' 1 0 52_) 1 "I 3 il•. .,, 5

411A (30',A ('R,)
(i65O°l l I hi/A(') 125 I H 1 '4 40 0 1340 13, QI U . ' ,0

2 2

-'A-



1 ~ J Notch
Alloy & 2 ( ig doRng Ph(ki (ksiAllyS (t.----- RA- ... ... ....

41A 3 017 CR 152.6 l1d 3 1.3.0 43,0 l 0.70 '7 475(i3
1650'F 138.9 127.2 I80 46.0 6 1 t i7. 1 0.30 112 41

40A (30% CR) 141.4 131.6 17.0 4. 3. 72 3.78 0.30 92 41

AC = Air cooled
WO = Water quenched
CR = Cold rolled
HR = Hot rolled
FC = Furnace cooled

*Load determined from intersection of load-deflectio i curve aid secamt modulus having a slope 5% less thart tangent iodulus
**Threshold for loading ir. salt solution, except valmes in parenthesis Cot loading in air and then adding salt salution

'I

I



APPENDIX B

Strength. Toughness, and Stress-'Corrosion Resistance
of fk-~ Titanium Alloys

AWe Arlijlo Conditionr eli- Ri A. Pn K~IC w

6&d (kii 3 (kps (ki-.,-- ik:z:k~

I ). S74o 160O I Ige)

IV (Ret24) A.12. 7 I I.0 Y414

Pi I 250"F/8 kýA12,0 l 5824.1 28.3 0.48 11610

F24 (18VT"/l fir/AC) +
(I 725"F/ 1 hr/WQ) +

(IA I (150 0 F)8 hr/AC) 154.h 137.2 7 16 20.4 '1.7 0.48 90 -77

i A 15v /1' xvQ169.4 13ut.0 16.5 4o.5 15.1 11 ON 1 1.08 0.47 51, 44

IN3 i 80OOF/I1!2 hr/WQ 212.1) 182.3 40 60 I S) 8 1 1 1 0 4K 41) 43

I34 K 0650%/lI j. hr/AC)+
073201 /24 hr/AC) I M6.5 S 7.5 I . 45.5 18.5 12.06 1 '08 048 5 S 27

.13,0 (1 6500F/l/2 hr/AC) +

I I 00&F/ 4 6ff/AC) 1 62.7 S53.7 14.0 44.0 17.7 '7.03 903 0.48 44 23

13E UbS0F/ii12 iu/ACi +

(3001Z124.hf/A0 150.7 145 o 114 5 43.0 7 8 8.85 85 ,0481 42 2

f' WO&F.124 hr/AC I 157.2 150O4 140, 43 4 17 1) 1) 7j Q173 .4 45'

13Gq'I 111,~2 lut;'WQ
)l(I I00'r i24 ItA(iJ 175 o 164.4 1, 5 '18 5 17 o o3 o 83 0,

1n A

),0)"'1 2ý4 lit A( S7 5t 171) 1291 0.

lotI'. 2-1 -w 1(, !V 1 I QI')S
i1U4 I I

(932"l-R 242. u 17

IQ 11'i 4h/A I 4ii

-l ----'' -1 ------ 1ý I



AIki &i elong RA. P bend KiC KIscc

,)Iy & odcc I'S RA Noaxdk yield (in I M (kips - (kkix (kxi
(ksi) in.) 103) (kips) (iPs) ness

Ti-SA) -3Mo-
IV-2Sn

(Ref. 22)

WS ((185 7"Fi" l Il/AC)f
1725°ffI/. h147,)

(I 10
0
",-/8h,'A() 167.3 147.0 3 4 14.8 15.5 0.48 70 52

Z4 (I 6SO6U30rfr/A I
0 300°F'i hrtAC 130.') 126.3 16 49.5 17.6 21.6 0.48 80 80

T!-6A 1-2,Mo

(Ref. 22)
19751F/ / 2 hr/AC) +
(I (825°F/ 112 h'JIWQ) +

(1200°F/4hr/AC) 153.5 138.6 8 i 4 18.2 20.5 0.48 94 63

(1700
0

FI ;2 hi/AC) +
(1300OF/81h/AC) 127.8 118.6 15 42 17.9 20.1 048 92 55

Ti-6A I1.4V

(Ref. 4)

D4 (1900°F/ 1/2 hU/AC) +
(1725

0 F/1/2 hr/WQ) +

(I230 )F/8 hu/AC) 155.3 142.2 9 21 20.( 127 0 ,48 87 58

B2 1300 °F/2htuAC 152.8 144A 14 41 12.5 13 ,5 0.48 61 34

Ti-6A I.6V-
2Sn

(Ref. 21)1

S6255
0 F/1 hrI/WQ) +

(020 G°F/4 1hi/A() 166 1 i529 I 17.5 14.9 15.1 0.48 72 45

1100')1:,2 hi/AC 157.6 150 7 14 5 31 S 11.5 11 8 048 9 37

-W-0.2Si

(MI 684)
(Rer 29)

( I .] 3)F/45 nun/WQ) "i
(932 "/24 hi /AC) 1540 135 0* 14 25 0.39 **0 34

I



0.2%-_ _ . . . .. -- - - ... I . . .

0 % Notch
Atloy & Condition UTS elong E ( P bend KIc Khcc

identification (ksi) yield (in R.A (ksi x 5% max thick- (ksi (ksi
(bsii) (ks) I03| (kips) (kips). ness ./.) %fi)

i(in.)

Ti-7A 1 -
2.5Mo

27A 50% HR
(1750 0 F) 147.5 135.5 13.5 36.5 19,45 11 6 11.8 0.48 65 45

27B 1675°F/I/2 hr/WQ 137.8 106.0 16.0 36.5 15.20 18.13 18.33 0.48 95 80

27C I800'F/1/2 hi/WQ 161.1 133.1 10.5 26.0 16.40 16.90 16.90 0.48 93 73

27D 1650°F/1 /2 hrAC 139.6 127.1 - -.. 19.47 19.8 0.48 96 65

27E (1650°F/1/2hr/FC) to
(932(F/120 hr/AC) 135.9 122.6 15.10 17.70 0.48 74 44

27F (1800°F/1/2 hr/WQ) +
(I 100°F/8 hr/AC) 166.6 151.9 !2.0 25.0 18.60 10.05 10.05 0.48 52 37

27G (I500°F/4 hr/WQ) +
(700&F/120 hr/AC) 141.6 117.ý2 . 11.20 11.25 0.48 59 40

27H (1900°F/1/4 hr/AC) +
(18000 F/1/2 htJWQ) +
(I 1000 F/8 hr/AC) 158.4 134.8 5.5 8.5 18.0 14.75 14.75 0.48 72 43

271 (30% CR) +
(I400OF/I/2 hr/FC) 156.1 150.9 13.0 51.0 6.00 6.05 0.32 43 37

27) (30% CR) +

(1650 0
F/1/2hr/FC) 139.9 133.4 18.0 50.0 9.9 9.9 0.31 71 37

27K 30%CR 160.9 143.1 13.0 57.0 11.63 11.63 0.31 83 61

Ti-7A 1-4Mo
(Ref. 21)

(1925 0
F/1/2 hr/AC) +

(1650°F/i/2hj/WO) 4

(1250°F/4 hu/AC) 157.6 143.4 10.5 18 14.4 14.6 0.48 68 44

(1750°F/l/2 hi/AC) +
(1400OF/4 hf/FC) 154 0 145.1 Itb 43 o.7 7 0.48 32 23

Ti-8AI-1Mo-

IV

Mill anneal 1450°F/8 hx/FC 1484 1409 10 24 048 46 18

- . .. -..... . .. .... . .....K _____........ ..... ... __ ______ _____

WVAJ Water quenched

AC Air cooled
CR ('old rolled
I1tz, lot ,Hlied
FC 1'uynce cooled

'Load determim nted tom11 ifiletw-ct:,mml Otf h0 d LVOlIe I 'vC 311d SCCcJ11 dulms hadvin a sot.m Y,'", less 1I1r tdll geuI i( n ndulks

**UG ',,k prool Stress
'C*(harpy spvcininsn otld mgtiim ton

26
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